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RESULTS OP PRASE CHANGE PAINT HEAT TRANSFER 
TEST UTILIZING 0.040 SCALE 50$ POREBODY MODELS 
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(TEST OH54B) 

by 
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Shuttle ASrosciences 
Rockwell International Space Division 

ABSTRACT 

Results of aerodynamic heating phase change paint tests of the 

Rockwell International Space Shuttle Orbiter conducted in the AEDC VKF 

Tunnel B during July, 19T5 are presented. The model was a 0.040 scale 

representation of the forward 50$ of the orbiter. Surface roughness 

effects on boundary layer transition Were investigated. The roughheSs 

was simulated by steel balls 0.020 and 0.025 inch in diameter and a 

0.?5 in. diameter hole simulating the forward ET attach socket. A 

nominal Mach number of $ was tasted with unit Reynolds number varying 
6 > 

from 0.75 x 10 /ft through 3*5 x 10 /ft. Angle Of attack was varied 
from 20° to 4o°. 
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IfJTRONfCTtON 


Aerodynamic heating Phase change paint, hypersonic Wind tunnel tests 
were conducted oft O.tM) scale 50 j£ forebody models of the Rockwell 
International Space Shuttle Orbiter (models $ 2 - 0 ) to determine the 
effects of forward ET attach socket and roughness element size and 
location on boundary layer transition. Tbo tests were conducted in the 
Arnold Engineering and Development Center VKP hypersonic wind tunnel B 
from July 21 to July 25. 1975 • These tests, OH54B. were the Second of 
three entries in the facility to complete 0H?4. 

Two ( 2 ) different surface irregularities were tested: 

l) small steel balls (boundary layer tripping device) 

?) a .25 inch diameter hole located at X = 388 on the 
model (simulating fiT attach socket ) 0 

The tests were conducted at Mach 8 and Reynolds numbers ranging 
between 0.75 x 10 '/ft and 3*5 x 10 ^ /ft. Model angle of attack was 
varied from 20 ° through ho 0 . 


3 




J 

1 


NOMENCLATURE 



UBFINITION 

specific heat of the model material, BTO/lb-°P 
acceleration due to gravity. 32 . 1 ? ft/sec^ 
heat tiansfer eoeffl cient based on » T 


reference heat -transfer coefficient based on FSy- 
Rlddell theory, BTU/ft 2 -sec.-°R 

fuselage reference length, 1293.3 in. 

free stream Mach no. 

reference nose radius (O.oUo ft. model scale, 

1 ft. full scale) 

free stream static pressure, psia 

Prandtl number 

tunnel stilling Chamber pressure, psia 
defined in context 
free-Stream dynamic pressure, psia 
universal gas Constant, ft-lb f /lb tt - 0 R 
free Stream unit Reynolds number, ft”* 


Stanton number based on T_ 


(TO) 


H(TO) 

V* [.2235 + + 5^0)] x32.1? 




NOMENCLATURE (Continued) 


SYMBOL MNEMONIC DEFINITION 

$TREF Reference Stanton number? 

ST(TO) » , 

[*^35 + 1.35x10-^^ + 560)] *32.17 


Taw 

TAW 

Adiabatic wall temperature, °F 

T 

TBAR 

Tpe - Tin 

T aw - Tin 

*i 

TI 

temperature measured by thermocouple no. i, °F 

Tin 

TIN 

Initial model temperature, °F 

Too 

T-INF 

free stream St /tic temperature -°R 

T PC 

TPC 

paint melt temperature, °F 

*0 

TO 

tunnel stilling chamber temperature, °R 

t 

TIME 

time from start of model injection, sec. 

A t 

CEL TIME 

time model exposed to ai ret ream. sec. 

v fe 


Velocity at edge of the boundary layer, ft/sec. 

Vv, 

V-INF 

free stream velocity, ft/sec. 

X 


longitudinal coordinate 

a 

ALPHA 

model angle of attack corrected for sting 
deflection, deg. 

$ 

BETA 

flow parameters defined in context j alSb Sideslip 
angle, deg. 

Y 


rati„ of specific heats of air 

K 

K 

model thefraoeonductivity, BTU/ft-sec-°F 


MU-INF 

free stream viscosity, lb -sec /ft ^ 


NOMEWCIi/'lHJFE (Concluded) 


MNEMONIC 

RHO 

RHO-INF 

YAW 

HREF 

Il/IiftEF 

LKEF 

UREF 

XMR1’ 

YMHI’ 

ZMftP 

X/I. 

RUN NO. 
GROUP 


DEFINITION 

stagnation air viscosity,, lb-sec /ft 
air viscosity along model wall, lb^/ft-sec 
model material density, lb m /ft 3 
air density along model wall, lb^/ft 3 
stagnation air density, Ib^/ft^ 

q 

Tree stream air density, elUg/ft 3 
model yaw angle, deg. 

wing span at reference span; m, ft. 

ratio of heat transfer coefficient based on 
•l' st Q to reference heat transfer coefficient 
based on Fay-Riddell theory (100% recovery factor) 

reference length or wing fteati aerodyn&mic chord', 
m, ft. 

Wing area or reference areas m 2 , ft 2 

moment reference point on X, Y, and Z 

i axes 


longitudinal fuselage location, reference to noses 
in tub. data, X/b is location of melt line oh 
fuselage bottom centerline 

denotes Individual test run 
same as Run No. 

defined in test procedure section 


FRAME 


CONFIOIJHATXONS THVRSTIOAIPRD 


*hd models were 0.040 scale representations of the forward 50 * of 
the Rockwell International space Shuttle Orblter. The models were 
contoured per Rockwell lines VL70-0001UOC. 

Five ( 5 ) different models were utilized. They were designated as 
••tp-l, &?-2, 82 - 10 . 82-11 and 82 - 12 . The -1 and -2 models were made of 
Grummah proprietary material *0‘ cast oh a steel- sting. Models 82-10, 
-11 and -12 were cast from Lockheed proprietary material W LH W oh a steel 
sting. Shrinkage during curing of the cast models reduced the scale 
of each model to 0.0397* Differences in the models were as follows: 


Test 

Model Configuration 
WO. HO. 


82-2 


82-10 


82-11 


Definition 

faint stripe model used as a reference for 
model coordinate system. Figure 2a defines 
ltd grid system. 

Model with a 0.25 inch diameter hole located 
at xft b 0.0104 on the fuselage bottom center- 
line. The hole simulated the ET forward attach 
Socket. 

Model with a stainless steel insert located at 
x/t m 0.0518 on the fndelage lower surface. 
Interchangeable trip rings, consisting of steel 
b a lls spot welded to a contoured fuselage 
segment, fit into the insert* Trip rings with 
0.00 (no balls), 0.020, anA 0.025 inch diameter 
balls Were tested. 

Model with stainless steel insert and trip rings 
(like No.lO) located at x/t » 0.11 on the fuse- 
lage lower surface. A trip ring with balls 
was tested. 



CONFiaUHATIOfTS IMTRBTIOATED (Continued) 


I 


Definition 

Model with stainless nteel insert and trip rings 
(like No. 10) located at x/i » 0.164 on the fuse* 
lage lower surface, trip rings with 0.00 (no 
belle), 0.020 and 0.02$ inch diameter balls were 
tested. 


The reference body length (*) is 1293*3 inches. 


Test 

Model Configuration 
No. ^ 

HP-1? 12 





TEST FACILITY DESCRIPTION 


The Arnold Engineering Development Cehter- (AEDC) is art Air force 
Facility located itt Tullahoma, Tennessee. The tunnel used, TUnrtol fi, is 
located in the von Karmen Facility portion of this center. Engineering 
and other technical operations in this tunnel are performed by contractor 
personnel of ARC, Inc. 

Tunnel B is a continuous, closed circuit, variable density Wind 
tu nnel with an axi symmetric contoured noazle and a 50 -ineh diameter test 
section. The tunnel can be operated at a nominal Mach number of 6 or 6 
at stagnation pressures from PO to 300 and $0 to 900 psla, respectively, 
an d At a stagnation temperature of up to 1350°R. The model may be in- 
jected into the tunnel for a test run and then retracted for model 
cooling or model changes without interrupting the tunnel ? n *- 
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TEffflP PROCPtXJftF 

Tempi laq®, a fusible coating that changes phase from an opaque 
solid to a transparent liquid at temperatures specified by the man- 
ufacturer, was used to indicate the location of isotherms on the. model 
surface. The paints used had melting temperatures of 169 , 200, 250, 3 OO, 
350 and 400, degrees Fahrenheit. 

A Beattie-Coleman Varitron TO mm sequence camera was used to 

record the progression of lsotherms-on the windward surface as a 

function of time during each test run. The camera was located on the 

top of the wind tunnel and photographed the bottom surface of the 

Orblter models. The camera was operated at a nominal rate of 1 frame/ 

<g) 

Sec. Kodak TRI-X Pan black-and-white film was Used. 

Dual television monitors were used throughout the test to further 
record the effects of planform area reduction on heating rates and to 
facilitate on-line cross-referencing. 

Prior to each test run, the model was cleaned with a solvent and 
spray-painted with the phase-change coating. Trip ring bails were 
protected using cardboard shields during cleaning and painting. Model 
temperature was measured using a thermocouple probe. The model Was then 
injected into the Wind tunnel for about 30 seconds, during which time the 
progression of the isotherms, indicated by the demarcation between melted 
and uiimelted coating, was continuously photographed. The model was 
then retracted from the wind tutmel and the cycle repeated for the next 
rub. 
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DATA REDUCTION 


Thin film beat transfer coefficients were calculated for each melt 
line at whi ch -photographs- Were taken. The coefficients were calculated 
assuming three different recovery factors: 

5 “ .1.0 
*o 

The following calculations-were then performed to obtain thin film 
coefficients: 

f . v - ^ 

^aw “ ®IN 



. _ p 

where the flow parameter ft results from iterative solution of: 

_ 2 

1 - T « Q P (1 - erf ft) 

Theoretical thin film heat transfer coefficients and stagnation 
point heating rates Were calculated using the equations given below: 
h 6 - (.768)(C p )(P r *’ 6 )( PwMw)* 1 * * 8 

where 

P* » Jif£ ( #i , C« and k for air) 
r k 

d\fe s The streamWise velocity gradient 
a x along the model surface 


I I I I 


DA'I'A RRDUCtXON (Gonbluded) 

and 



N r * flo&e radian, .040 foot radius (l foot full Stale) 



Locutions of molt Lines on the fuselage bottom centerline were 
mamm-ny measured using film. These locations were correlated with cor- 
responding values of tunnel conditions and h/h§ calculated using the 
above equations. The result of this effort W&S a table giving h/h s attd 
frame number as a function of x/l tot each group number. These data were 
then arranged into datasets and input to the DATAMAR system. Resulting 
data are tabulated in the appendix. Data off the lower surface center- 
line were used for qualitative analysis but Were not digitized. Photo- 
graphs taften during the test showing all melt lines may be obtained by 
contacting the aero thermodynamics analysis engineers. 



KRMARKS 


Results of OH54A indicated that normal form transition patterns. were 
caused by nonuniform ball heights. Therefore, before OH54B commenced , 
considerable effort was expended to obtain accurate and precise measure- 
ments of the height Of each steel ball after it Was spot welded onto a 
trip ring. 

The standard deviation- of the ball heights for each ring was 
reduced to produce a more uniform transition pattern. The tolerance of 
the ball heights Was reduced to — 1.5$ Of the hall height to accomplish 
this. Any ball with measurements outside the allowable tolerance was 
removed, replaced, and remeasured until the tolerance limit was Satis- 
fied. 

The measurements were made using an optical measuring microscope 
with special lighting and measurement techniques. Particular attention 
Was given to determining the e*act point of Contact between the ball and 
the trip ring. Ball height measurements were obtained with a 10 " inch 
precision and accurate to £ 10“^ inch. 




RESULTS AND DISCUSSION 


Uncertainties of the basic tunnel parameters were estimated from 
repeat calibrations of the PO and TO instruments and from the repeat- 
ability and uniformity of the tunnel flow during calibrations. The 
parameters BO, TO, and Mach No. With their uncertainties were then 
used to compute the uncertainties in the other parameters dependent on 
these by means of the Taylor series method of error propagation. 

Uncertainty, percent 

MACH NO. BO TO RB/FT 

+0.3 +0.5 +0.5 +1.2 

An estimate of the data precision of phase change paint data is 
hampered by the fact that an observer must determine the location of 
the melt line. For this analysis, only uncertainties attributable to 
the measured parameters are considered. The parameters needed for 
the solution of the equation for the heat transfer coefficient, h, are 
V 1 ™- 1 *.’ * n4At - table below Buamarlze. the nonliial 

uncertainties in these specific parameters. 

Parameter Uncertainty (+) 


At 

+ 1.0 


+ 10.0 

T iN 

+ 0.5 

*o ( T aw^ 

+ i-o 

*P« 

+ 0.5 


0.5 


RESULTS AND-. DISCUSSION (Concluded) 


It should be remembered that the above uncertainties in f w and 

aw 

T pc ^ly ^^lect nominal measurement uncertainties- As previously 
mentioned, the Interpretation of when phase change Occurs (i.e., 
is a matter of observer experience, and the "correct” assumption of 
what Should be used for T ftW also requires engineering judgment. 
However, combining the above measurement uncertainties with the 
corresponding error sensitivity factor (derived by using the equation 
for the heat transfer coefficient, h, and taking the square root of 
the Sum of the squares) yields the following: 

ft>r T pc £ 200°l\ h uncertainty « + 13 percent 
for TpQ > 200°F, h uncertainty « + ?„1 percent 
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TABLE III • 


MODEL DIMENSIONAL DATA 


MODEL COMPONENT: " *60 

GENERAL DESCRIPTION? Ofbltef Forebody, Vehicle 140C. 

NOTE? This body includes a Small portion of the wing glove 


MODEL SCALE: 0.040 


DRAWING NUMBER? VLlO-OQOlkOC 


DIMENSIONS? 


FULL SCALE MOOElL SCALE 


Max width 




25.80 









TABLE III ( COtitlnueri ) 


MODEL DIMENSIONAL DATA 


model component? canopy - o 10 

GENERAL **«™™*n*. configuration 4 canopy and windshield as used 
with B25* 6ix glass panes In windshield 


MODEL HCALE 


drawino number?. 


VLTO-OOOlUOB, 140C, 202B 


DIMENSIONS? 


POLL SCALE MODEL SCALE 


Length (X 0 * 434.643 to 6tO) In. 


Max-Wiflth 


MAx Depth Glass - In. 
Ndse/wlndshleld intersection, X 6 


28.00 








Positive directions of angles are 
indicated by arrows 



Figure 1. - Axle System 




Stripe Model Grid Locations 
ire 2. - Model Sketches. 
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0.020 Inch Diae»eter Balls 
Model Photographs. 
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Model Installation, Tunnel Open 
figure 3. - Mod*l Fho+ographs. 
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